Prevention of pathogenic colonization on medical devices over a long period of time remains a great challenge, especially in a high-nutrient environment that accelerates production of biomass leading to biofouling of the device. Since biofouling and the subsequent pathogen colonization is eventually inevitable, a new strategy using non-pathogenic bacteria as living guards against pathogenic colonization on medical devices has attracted increasing interest. Crucial to the success of this strategy is to pre-establish a high coverage and stable biofilm of benign bacteria on the surface. Silicone elastomers are one of the most widely used materials in biomedical devices. In this work, we modified silicone surfaces to promote formation of high coverage and stable biofilms by a non-pathogenic Escherichia coli strain 83972 with type 1 fimbriae (fim+) to interfere the colonization of an aggressive biofilm-forming, uropathogenic Enterococcus faecalis. Although it is well known that mannoside surfaces promote the initial adherence of fim+ E. coli through binding to the FimH receptor at the tip of the type 1 fimbriae, it is not clear whether the fast initial adherence could lead to a high coverage and stable protective biofilm. To explore the role of mannoside ligands, we synthesized a series of alkyl and aryl mannosides varied in structure and immobilized them on silicone surfaces precoated with poly(amidoamine) (PAMAM) dendrimer. We found that stable and densely packed benign E. coli biofilms were formed on the surfaces presenting biphenyl mannoside with the highest initial adherence of fim+ E. coli. These non-pathogenic biofilms prevented the colonization of E. faecalis for 11 days at a high concentration (10 8 CFU mL -1 , 100,000 times above the diagnostic threshold for urinary tract infection) in the nutrient-rich Lysogeny Broth (LB) media. The result shows a correlation among the initial adherence of fim+ E. coli 83972, the coverage and long-term stability of the resultant biofilms, as well as their efficiency for preventing the pathogen colonization.
Introduction
Adherence of pathogenic bacteria and their subsequent formation of biofilms on implantable devices is the leading cause of millions of healthcare-acquired infections, particularly catheter-associated urinary tract infections (CAUTI). [1] [2] [3] [4] [5] [6] [7] To prevent pathogenic colonization, hydrogel-, antibiotics-or silver-coated urinary catheters have come into clinical use, but studies indicated that they were ineffective or could only delay the onset of bacteriuria by <1 week. [7] [8] [9] [10] [11] A possible reason is that the pathogens grow rapidly in the high-nutrient environment, generating a large amount of biomass that fouls the coated surface. 8, 12 This and other related problems have driven extensive research on the development of new generation, "smart" antimicrobial or antifouling coatings. 7, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] While great progress has been made in this line, the strong demand calls for exploration of alternative strategies. We have been exploring an alternative non-antibiotic strategy to prevent CAUTI based on bacterial interference, 2, 7, [28] [29] [30] in which non-pathogenic (benign) bacteria are used to form a biofilm that serves as a live, protective barrier against pathogen adhesion. [31] [32] [33] [34] We hypothesize that the success of this strategy is critically dependent upon the coverage and stability of the benign biofilm on the material. To test this hypothesis, we have recently developed an efficient method for tethering the mannoside Man (Fig. 1) onto polydimethylsiloxane (PDMS), a type of silicone polymers that are widely used in biomedical devices including silicone urinary catheters. 31 The mannoside-modified surfaces enhanced the ability of non-pathogenic E. coli 83972 2, 7, [34] [35] [36] [37] [38] with type 1 fimbriae (fim+), referred to as fim+ E. coli 83972, to form biofilms. E. coli 83972 has been used in many clinical trials in humans as an effective agent for bacterial interference against CAUTI. 2, 7, 39 We showed that the fim+ E. coli 83972 biofilms formed on the Man-presenting PDMS surfaces blocked the colonization of uropathogenic E. faecalis in a highnutrient environment (lysogeny broth) for 3 days, 31 but the efficiency dropped rapidly for 5 days. Significant improvement would require substantial increase of the coverage and longterm stability of the fim+ E. coli 83972 biofilms.
Immobilized mannoside ligands are known to enhance the initial adherence of bacteria with type 1 fimbriae by interaction with the FimH receptor at the tip of the fimbriae. [40] [41] [42] [43] [44] However, since most reports have provided only the short-term (30 min) adherence data, 42, 43 it is unknown whether or not the initial fast bacterial adherence would subsequently result in a high coverage and stable biofilm on the mannoside-presenting surfaces. 45, 46 In fact, it has been reported that the fast initial bacterial adhesion on surfaces without specific ligand-receptor interactions does not correlate with the stability and coverage of the final biofilms. [47] [48] [49] [50] [51] To understand the correlation among initial bacterial adherence, and biofilm coverage and long-term stability on various mannoside surfaces as well as the performance of the resultant biofilms on bacterial interference, in this work we studied the biofilm formation of fim+ E. coli 83972 on PDMS surfaces modified with a series of mannoside ligands with varied affinities to FimH receptors. We found a correlation among the initial adherence of fim+ E. coli 83972, and the coverage and long-term stability of the resultant biofilms, as well as the bacterial interference against pathogenic colonization. The surfaces presenting the biphenyl mannoside BiPh-Man (Fig. 1) had the highest initial adherence of fim+ E. coli 83972, and exhibited a significant improvement on the biofilm coverage and stability compared to the mannoside Man. Remarkably, these non-pathogenic biofilms blocked the colonization of E. faecalis at a high concentration (10 8 CFU mL -1 , 100,000 times above the diagnostic threshold for urinary tract infection) for 11 days in LB, a significant improvement over our previous system. 31, 52 Fig. 1 Molecular structure of the mannosides with various glycosidic linkages, and illustration of benign fim+ E. coli 83972 biofilm formed on surface presenting the biphenylmannoside ligands (BiPh-Man) tethered on a PAMAM dendrimer platform readily prepared 31 on silicone to prevent uropathogenic colonization.
Experimental

Synthesis of mannosides
The detailed synthesis, purification and characterization of mannosides are given in ESI †.
Preparation of PDMS substrates
The silicone (PDMS) substrates were prepared according to our previously reported method with slight modifications. 31 Briefly, a 10:1 ratio of PDMS base and curing agent (SYLGARD 184 Silicone Elastomer Kit, Dow Corning) were mixed thoroughly and allowed to stand until no bubbles were detected in the mixture. The mixture was poured to a clean silicon wafer and pressed against a thin film of octadecyltrichlorosilane (OTS) (Sigma Aldrich) pre-formed on another silicon wafer. The mixture was cured at 110 °C overnight. Finally, the OTSmodified silicon wafer was peeled off to give a flat PDMS thin layer on the silicon wafer that was directly used in succeeding experiments.
PAMAM modification of PDMS surfaces
The surface modification of PDMS substrates with PAMAM was described in our previously report. 31 Briefly, the PDMS substrates were treated with CO 2 plasma using a Harrick plasma cleaner (Model PDC-32G, 100 W) with low power setting (6.8 W) for 45 s. The resultant oxidized PDMS were immediately immersed in a solution of generation 5 poly(amidoamine) dendrimer (G5 PAMAM, Dendritech Inc., Midland, MI) in phosphate buffered saline (PBS, 1 mg/mL) for 1 h. The PAMAM-modified surfaces were obtained after washing with Milli-Q water and drying with a flow of nitrogen.
Attachment of mannosides
A PAMAM-modified substrate was immersed in a solution containing 3 mM of each mannoside derivative (alkynylphenylmannoside PPh-Man, biphenyl-mannoside BiPh-Man, triazolylmethyl-mannoside TAM-Man, triazolylpropylmannoside TAP-Man, OEG mannoside Man and fluorinatedmannoside BiPh-Man-F, see Fig. 1 ), 60 mM of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 30 mM N-hydroxysuccinimide (NHS) in Milli-Q water for 2 h. The surfaces were washed with Milli-Q water copiously and dried with a flow of nitrogen.
Characterization of mannoside-presenting surfaces
Preparation of the standard for measurement of the surface density of BiPh-Man-F. Gold films coated on silicon wafers were initially treated with hydrogen plasma for 20 s followed by immediate immersion in a 2 mM solution of 14,14,14-trifluorotetradecane-1-thiol (CF 3 (CH 2 ) 13 SH) in absolute ethanol. 53 After 48 h, the films were washed with absolute ethanol, and dried with a flow of nitrogen to provide a selfassembled monolayer (SAM) of CF 3 (CH 2 ) 13 SH on Au(111) surface.
X-ray photoelectron spectroscopy (XPS).
A PHI 5700 X-ray photoelectron spectrometer was equipped with a monochromatic Al Kα X-ray source (hν = 1486.7 eV) incident at 90° relative to the axis of a hemispherical energy analyzer. The spectrometer was operated both at high and low resolutions with pass energies of 23.5 eV and 187.85 eV, respectively, a photoelectron taken off angle of 45° from the surface, and an analyzer spot diameter of 1.1 mm. High resolution spectra were obtained for photoelectrons emitted from C1s, O1s, Si2p, N1s and F1s for the mannose surfaces, and Au4f and S2p for the fluorinated alkyl SAM standard. All spectra were collected at room temperature with a base pressure of 1 × 10 -8 mbar. Electron binding energies were calibrated with respect to the Si2p line at 102.5 eV. A PHI Multipak software (Version 5.0A) was used for all data processing. The high resolution data were analyzed first by background subtraction using the Shirley routine and a subsequent non-linear fitting to the mixed Gaussian-Lorentzian functions. Atomic compositions were derived from the high-resolution scans. Peak areas were obtained after subtraction of the integrated baseline and corrected for sensitivity factors.
Measurement of the surface density of BiPh-Man-F. The F1s XPS of the surfaces presenting BiPh-Man-F was measured together with the SAM of CF 3 (CH 2 ) 13 SH on Au(111) as the reference. The F1s peak areas for the BiPh-Man-F and the CF 3 -terminated SAM surface were A F-Mannoside = 668 ± 33 and A F-SAM = 29364 ± 1170, respectively. The numbers of fluorine atoms on the SAM and mannoside surfaces are N F-SAM = 3 and N F-Mannoside = 1, respectively. Using the density of the SAM on Au(111) as the standard, which is D F-SAM = 4.6 × 10 14 molecules/cm 2 , 54 the fluorine coverage (7.9 ± 1.9)% and density ((3.6 ± 0.9) ×10 13 molecules/cm 2 ) of the F-mannoside were calculated with the following equations (1) and (2). The mean ± standard deviation was obtained from measurements of 6 samples presenting BiPh-Man-F.
Contact-angle goniometry. Static water contact angles were measured with a KSV CAM 200 (KSV NIMA, Espoo, Finland) optical contact angle goniometer. At least three measurements were collected for each sample and data was presented as the mean ± standard deviation.
Bacterial strains
Both the Escherichia coli 83972 expressing type 1 fimbriae (fim+ E. coli 83972, strain HU2545) 35 and the challenge pathogenic bacteria, Enterococcus faecalis 210, were provided by Dr. Barbara W. Trautner (Baylor College of Medicine). This strain of E. faecalis was transformed with pMB158GFP to express green fluorescence protein (GFP) that can be observed by fluorescence microscopy. The protocol for bacterial preparation involved inoculation of a single colony from the bacterial plates into 50 mL of Lysogeny Broth (BD, Franklin Lakes, NJ) media containing appropriate antibiotics (20 µg/mL chloramphenicol (Sigma Aldrich) and 4 µg/mL tetracycline (Sigma Aldrich) for fim+ E. coli 83972 and E. faecalis 210, respectively). The optical density at 600 nm ([OD] 600 ) was adjusted to 0.25 for each bacterial culture after the overnight static incubation at 37 ºC, corresponding to a bacterial concentration of ~10 8 CFU mL -1 .
Adherence assay of fim+ E. coli 83972
A modified bacterial adherence assay was performed to evaluate the ability of fim+ E. coli 83972 to attach to different mannoside and control (PDMS and PAMAM) surfaces. Each sample surface was placed in a separate well of a 24-well plate and inoculated with 1 mL of 10 8 CFU mL -1 ([OD] 600 = 0.25) of fim+ E. coli 83972. Chloramphenicol antibiotic (20 µg/mL) (Sigma Aldrich) was added. The substrates were incubated with the bacterial culture for 30 min or 48 h under static conditions at 37 ºC. After incubation, the surfaces were rinsed by immersing in PBS in a culture plate and gently shaking the plate back-and-forth three times by hand. This gentle rinsing step was repeated two more times to remove loosely attached bacteria prior to quantification with microscopy imaging or plate counting.
Bacterial interference assay
Our previously reported assay was used with slight modifications. 31 Thus, the samples were placed in separate wells of a 24-well plate containing 1 mL of fim+ E. coli 83972 suspension (10 8 CFU mL -1 ) in LB containing chloramphenicol antibiotics (20 µg/mL). The samples were incubated for 48 h at 37 ºC without shaking for biofilm formation on the surfaces. The samples were immediately transferred to 1 mL of fresh LB media (without antibiotics), which has been inoculated with a bacterial suspension of E. faecalis 210 (10 8 CFU mL -1 , [OD] 600 = 0.25), then incubated for 24 h at 37 ºC under static conditions. The media was replaced by a fresh bacterial suspension of E. faecalis 210 (10 8 CFU mL -1 , [OD] 600 = 0.25) every 24 h to a total of 5 and 11 days of continuous challenge by the pathogen. The surfaces were then immersed in PBS solution in a culture plate and the plate was gently shaken by hand in three backand-forth motions on top of a desk. This gentle washing step was repeated two more times to remove only the loosely attached bacteria prior to quantification by imaging or plating. As a control, the corresponding mannoside surfaces without pre-treatment with fim+ E. coli 83972 were subjected to the above treatment with E. faecalis 210.
Microscopy imaging and quantification
For the bacterial adherence assay, the images were obtained using a 40× objective and reflected bright-field in a Nikon 80i Microscope with a CoolSnap HQ2 camera (Photometrics, Tucson, AZ). For the bacterial interference assay, E. faecalis 210 expressing GFP (λ em = 535 nm) was differentiated from the non-fluorescent fim+ E. coli 83972 by fluorescence microscopy with a FITC filter. NIS Elements software (Version 3.0, Nikon Instruments, Melville, NY) and ImageJ software (Version 1.48, NIH) were used for image acquisition and analysis. First, the fim+ E. coli 83972 on the image was selected by adjusting the color threshold (Color space: HSB). The standing up bacteria that appeared like a black dot could also be selected by the same method. After the selection of fim+ E. coli 83972 on the images, the % coverage of fim+ E. coli 83972 was obtained. For the biofilms challenged by the E. faecalis 210 expressing GFP, the coverage by all bacteria on a bright-field image was obtained, followed by the coverage by the green E. faecalis in FITC channel over the same area. The coverage by fim+ E. coli 83972 was then obtained as the total coverage subtracting the E. faecalis coverage. Note that the possible presence of fim+ E. coli 83972 under E. faecalis 210 was ignored, which would lead to an underestimate of the coverage of fim+ E. coli 83972. Each data point expressed as mean ± standard deviation was obtained from 10 images taken on random locations of the sample and 3 experiments were repeated.
Z-series acquisition (Z-scan)
Z-scan (step: 1.5 µm, range: 25 µm) images were obtained with a 40× objective in reflected bright-field on the fim+ E. coli 83972 biofilm formed on a BiPh-Man surface after 48 hour of incubation. A CoolSnap HQ2 camera (Photometrics, Tucson, AZ) and NIS Elements software (Version 3.0, Nikon Instruments, Melville, NY) were used for image acquisition and analysis.
Quantification of bacterial interference by plate counting
The antibiotic resistance of E. faecalis 210 and fim+ E. coli 83972 was first tested for selective culture of the pathogen on agar plate. Luria Bertani agar (BD, Franklin Lakes, NJ) with chloramphenicol (20 µg/mL, Sigma), tetracycline (4 µg/mL, Sigma), ampicillin (100 µg/mL, Sigma) or carbenicillin (100 µg/mL, Teknova) were tested, and agar without any antibiotics was used as control. Culture of E. faecalis 210 or fim+ E. coli 83972 was prepared as mentioned above, and centrifuged at 5000 rpm for 10 min and then washed with PBS. The pellet was suspended in PBS and adjusted to [OD] . Each diluted suspension (10 µL) was plated in duplicates on LB agar with the above antibiotics. The plates were incubated at 37 ºC and the bacterial colonies formed were counted after 24 h and expressed as colony forming unit per mL (CFU mL ). Therefore, this protocol can be used to selectively count viable E. faecalis 210 in the presence of a high concentration of fim+ E. coli 83972.
To quantify the bacteria on the surface, at the end of the 5-day bacterial interference, the samples following the final rinse with PBS were transferred to 1 mL solution of 0.01% sodium dodecyl sulfate (SDS), and sonicated for 10 min followed by vortexing for additional 1.5 min. Serial dilutions from the sonicated bacterial suspension (1, 10 -2 , 10 -4 , 10 -6 , 10 -8
) were prepared and 10 µL of each dilution was plated in duplicates on LB agar with tetracycline (4 µg/mL). The colonies formed after 24 h incubation at 37 °C were then counted. The viability of E. coli 83972 and E. faecalis at the relevant concentration after subjected to this condition did not change. Verification can be found in Fig. S3 and S4 , ESI †.
Results and Discussion
As illustrated in Fig. 1 , the α-D-mannoside ligands are attached via an oligo(ethylene glycol)-COOH (OEG-COOH) chain to the 5th generation, NH 2 -terminated poly(amidoamine) (G5-PAMAM) dendrimer molecules that are bound to the CO 2 -plasma activated silicone surface as described in detail in our previous report. 31 For choosing the mannoside ligands, we focused on the monomannosides with varied glycosidic linkages rather than oligomannosides that generally require laborious synthesis while are not always effective in enhancing the binding affinity to FimH. 41 In fact, Barth et al. recently revealed that the initial adhesion of E. coli onto surfaces presenting propyl mannosides was comparable to a variety of oligomannosides up to a 9-mer. 43 The glycosidic substituents of mannosides have been shown to substantially affect the binding with FimH in solution. [55] [56] [57] A high binding affinity is associated with certain hydrophobic groups, such as alkyl, 55 alkynylphenyl 56 and biphenyl. 57 Hence, we synthesized a series of mannosides including the biphenyl mannoside BiPh-Man, the triazolylalkyl mannosides TAM-Man and TAP-Man and the alkynylphenyl mannoside PPh-Man, tethering an OEG-COOH anchoring group. They all contain an aromatic ring and exhibit a variety of affinity to FimH. [55] [56] [57] The analogue BiPhMan-F of the mannoside BiPh-Man with the 6-OH group replaced by a fluorine atom was used to test the specificity of the interactions with the bacteria, and more importantly also to allow quantification of the surface density of the mannosides by X-ray photoelectron spectroscopy (XPS, see below) Scheme 1 Synthesis of BiPh-Man. Reagents and conditions: a) HBTU, diisopropylethylamine, CH2Cl2, rt, 15 h, 78%; b) Triflic acid, 4-iodophenol, CH2Cl2, 0ºC, 12 h, 78%; c) bis(pinacolato)diboron, PdCl2(dppf), AcOK, DMSO, 80ºC, 10 h, 85%; d) CsF, Pd(PPh3)4, THF, 80ºC, 12 h, 81%; e) TFA, CH2Cl2, rt, 15 h, 99%; f) NaOMe, MeOH, rt, 12 h, 50%.
The syntheses of the mannosides were described in details in ESI †. As an example, Scheme 1 outlines the synthesis of the mannoside BiPh-Man with a biphenyl linkage, based on a convergent approach using Suzuki coupling to connect the two phenylene units. Thus, the bifunctional OEG derivative 1 was coupled with the iodo-benzenedicarboxylic acid monoester 2 in the presence of HBTU and DIPEA to provide the building block 3 in 78% yield. On the other hand, triflic acid mediated glycosylation of the pentaacetylmannoside 4 with 4-iodophenol gave exclusively the α-anomer of iodophenyl mannoside 5. 56 Conversion of the iodide 5 to the boronic esters 6 was conducted with bis(pinacolato)diboron catalyzed by PdCl 2 (dppf) in 85% yield. Suzuki coupling of 6 and 3 provided the biphenyl mannoside 7 in 81% yield. While the t-butyl group in 7 was readily removed by TFA, deacetylation of the resultant 8 with MeONa needed to be performed in anhydrous MeOH to furnish the desired biphenyl mannoside BiPh-Man in 50% yield over two steps.
The COOH-terminated mannosides were attached via amidation to the silicone (polydimethylsiloxane, PDMS) surfaces presenting amino-terminated PAMAM dendrimers prepared according to our previously reported method (Fig.  1) . 31 Briefly, flat PDMS surfaces were treated with CO 2 plasma for 45 s, followed by 1 h immersion in a 1 mg/mL solution of G5 PAMAM dendrimer in PBS buffer. The PAMAM dendrimer was used to cross-link the oxidized PDMS polymers, leading to an excellent stability. Indeed, the resultant PAMAM platform was stable against desorption in PBS for 6 weeks. 31 The COOH-terminated mannosides were then attached to the PAMAM surfaces in the presence of EDC/NHS in Milli-Q water for 2 h. Quantification of the density of the immobilized mannosides is challenging. Recently, Dhayal and Ratner developed a XPS C1s core level analysis method to quantify the glycosidic carbon atoms in trimannosides incorporated in mixed self-assembled monolayers (SAMs) on gold. 58 However, this method is not applicable to our system due to the extensive overlap of the C1s signals. To circumvent this difficulty, we synthesized the fluorinated-mannoside BiPh-Man-F as a close analogue of BiPh-Man (Fig. 1) and attached it to the PAMAM platform under identical conditions. Although the synthesis was tedious, taking 18 steps (ESI †), the presence of the F-atom in BiPh-Man-F allowed us to quantify its density on the surface. Thus, the films derived from BiPh-Man showed the deconvoluted C1s peaks at 284.8 eV, 286.5 eV and 288.5 eV (Fig. 2a) , assigned to the alkyl groups (C-C) from PAMAM and PDMS, C-O moieties in the mannoside and OEG chains and C-N in PAMAM, and C=O moieties in PAMAM, respectively. A F1s peak appeared at around 687 eV (Fig. 2b) , confirming the attachment of BiPh-Man-F. The deconvoluted N1s peaks at 400.0 eV and 402.0 eV (Fig. 2c) can be attributed to the amino and amide moieties and the presence of NH 3 + groups in PAMAM, respectively. The PDMS Si2p signal appeared at 102.5 eV (Fig. 2d) . A fluorine density of ((3.6 ± 0.9) × 10 13 molecules/cm 2 was derived from the F1s peak area using a selfassembled monolayer prepared from 14,14,14-trifluorotetradecane-1-thiol on gold with a known density as the reference. The attenuation of F1s signal due to the possible burying of some mannoside groups into the film was ignored, which would lead to an underestimate of the density. Assuming the same reaction yield of BiPh-Man and BiPh-Man-F with the amino surface, which should be a reasonable assumption since the only difference between the two molecules is the substituent at C(6) that is far from the reaction center (COOH), this density ((3.6 ± 0.9) × 10 13 molecules/cm 2 ) represents the density of mannoside derived from BiPh-Man on the PDMS surface. Similarly, the influence of the glycosidic linkage on the amidation reaction occurring at the end of the long OEG linker might be small. Hence the above density for BiPh-Man-F was probably typical for the other mannoside surfaces. The variation of glycosidic linkages did not substantially affect the surface energy, as indicated by a relatively small variation (<10º) of the advancing or receding water contact angles ( Table  1) . The small hysteresis (<5º) of the advancing and receding water contact angles suggested that the surfaces were relatively homogenous and flat. The adherence of the fim+ E. coli 83972 on the PDMS, PAMAM and mannoside-presenting surfaces was evaluated using a relatively short incubation time (30 min) to observe the initial attachment of the bacteria and 48 h incubation for biofilm formation. A suspension of fim+ E. coli 83972 at an initial concentration of 10 8 CFU mL -1 of the benign bacteria in LB was used to incubate the substrates at 37 °C. Reflected bright-field images (Fig. 3a) showed more bacteria adhered within 30 min on the TAP-Man surface than on the TAM-Man surface which was similar to the one derived from the OEG mannoside Man. This result indicated that the triazolyl moiety did not enhance the bacterial adherence, while the alkyl moiety directly attached to the glycosidic position did, in accordance with the report that longer alkyl chains increased the affinity to FimH. 55 The alkynylphenyl moiety promoted the bacterial adherence, in consistent with its large enhancement of the binding affinity of mannoside to FimH. 56 Among the mannosides tested, the biphenylmannoside BiPh-Man and alkynylphenylmannoside PPh-Man turned out to attract most fim+ E. coli 83972 onto the surface (Fig. 3d) . The biphenyl moiety was recently shown to largely enhance the binding with FimH through a combination of the π-π interactions, hydrogen bonding and electrostatic interactions. 57 As expected, the analogous fluorinated biphenyl mannoside BiPh-Man-F surfaces attracted far less bacteria (Fig. 3) . The result proves that the mannoside but not the biphenyl moiety was the primary binding site, although the binding was greatly enhanced by the secondary interactions with the biphenyl moiety. 59 Noteworthy, the wild type E. coli 83972 without fimbriae did not adhere to mannoside surfaces. 33, 60 supporting that the type 1 fimbriae on fim+ E. coli 83972 were crucial for the initial bacterial adherence.
How did the initial adherence of fim+ E. coli 83972 on the mannoside surfaces affect the subsequent biofilm coverage and stability? As shown in Fig. 3b and 3d , after 48 hours of incubation in culture of fim+ E. coli 83972, the apparent density of the bacteria attached on the mannoside surfaces decreased with the following order ( Fig. 3d) : BiPh-Man ≈ PPh-Man > TAP-Man > Man > TAM-Man > BiPh-Man-F. This order was similar to the one for initial adherences. In particular, thick biofilms were generated on the BiPh-Man surface as shown by the z-scan image (Fig. 3c) . (e.g. Fig. S2 , ESI †) were taken on 10 randomly chosen locations on each sample surface, and the images were processed with NIS Element software in a Nikon microscope and imageJ software to provide the mean coverage +/-standard deviation. The data represents an underestimate due to the presence of multilayer of E. faecalis outside the focal plane, especially for the thick E. faecalis films formed in the absence of fim+ E. coli 83972. The CFU counts of E. faecalis in (d) were obtained in triplicate by detaching the bacteria from the surface with sonication followed by selective plating in the presence of tetracycline (4 µg/mL) that selectively kills fim+ E. coli 83972. The values were expressed as mean +/-standard deviation. The error due to a low density of the E. faecalis adhered on the backside of the wafer was corrected by counting them with fluorescence imaging (triplicate on 10 random locations). The counting results showed the bacterial density was lower than 2.0 × 10 3 CFU cm -2 on the backside which was less than 1% of the E. faecalis on the front side even for the BiPh-Man surface.
Bacterial interference was then performed on the fim+ E. coli 83972 biofilms generated on various mannoside surfaces after 48 h incubation (Fig. 4) . The samples were continuously challenged with fresh bacterial suspension (10 8 CFU mL -1 ) of E. faecalis in LB media everyday for up to 11 days (note that this concentration is three orders of magnitude above the diagnostic threshold for urinary tract infection). We chose E. faecalis 210 as the challenge bacteria since it is an uropathogenic isolate with a strong ability to form biofilms. 61, 62 This strain of E. faecalis was transformed to express green fluorescence protein (GFP) that can be observed by fluorescence microscopy ( Fig. 4a and 4b) . After 5 days, the results clearly showed that the presence of fim+ E. coli 83972 reduced the adherence of E. faecalis on all surfaces modified with mannosides ( Fig. 4c and 4d ). The coverage of the E. faecalis on the mannoside surfaces pre-treated with fim+ E. coli 83972 (for 48 h) decreased with the following order of the glycosidic linker: TAM-Man > BiPh-Man-F > TAP-Man ≈ Man > PPh-Man > BiPh-Man, which is similar to the order for the initial adherence and the biofilm coverage of fim+ E. coli 83972 (after 48 h incubation). 
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B i P h -M a n -F T A P -M a n M a n T A M -M a n B iP h -M a n P P h -M a n Fig. 5 Quantification of fim+ E. coli 83972 coverage after 5 days and 11 days of incubation in 10 8 CFU mL -1 of E. faecalis in LB. The coverage of fim+ E. coli 83972 was obtained by subtracting the coverage of E. faecalis on the green-fluorescent images from the total bacterial coverage of E. faecalis and fim+ E. coli 83972 on the reflected bright-field images. Note that the possible presence of fim+ E. coli 83972 under E. Faecalis 210 was ignored, which would lead to an underestimate of the coverage of fim+ E. coli 83972. The fluorescent and the reflected bright-field coverage data were obtained in triplicate, in which the images ( Figure S2 ) were taken on 10 randomly chosen locations on each sample surface, and were processed with NIS Element software to provide the mean coverage +/-standard deviation.
Interestingly, after the above interference test for 5 days, the overlayer of fim+ E. coli 83972 on the BiPh-Man surface shown in Fig. 4b disappeared, but the fim+ E. coli 83972 biofilm remained densely packed as shown in Fig. 4b , in which few green fluorescent E. faecalis were found. In comparison, the surfaces without pre-treatment with fim+ E. coli 83972 were mostly covered with E. faecalis (Fig. 4a, 4c and 4d) . As shown in Fig. 5 , the fim+ E. coli 83972 biofilm coverage and stability after challenged by E. faecalis for 5 days was in the order of Bi-Man ≈ PPh-Man > TAP-Man > TAM-Man ≈ Man > BiPh-Man-F. This order was similar to the order of the initial adherence of fim+ E. coli 83972 and its biofilm coverage after 48 h growth on the mannoside surfaces.
In addition to the microscopy-based quantification, the more laborious plate counting of adhered E. faecalis on selected samples was performed to validate the above results. Specifically, we chose to count E. faecalis on fim+ E. coli 83972 biofilms grown on BiPh-Man, PPh-Man and TAMMan by selective plating. 35 The bacteria were detached by sonication and vortex in 0.01 % sodium dodecyl sulfate (SDS) solution. As shown in Fig. 4c and 4d , both the microscopy quantitation based on E. faecalis coverage and selective plating gave the same trend.
After continuously challenged by E. faecalis for 11 days, as shown in Fig. 4e and Fig. S2 (ESI †), the biofilm of fim+ E. coli 83972 on the BiPh-Man and PPh-Man surfaces remained effective in fencing off E. faecalis. In contrast, all other mannoside surfaces have been colonized by E. faecalis. Remarkably, the fim+ E. coli 83972 biofilm still maintained a high coverage (~70%, Fig. 5 ) on the BiPh-Man and PPh-Man surfaces even after continuously challenged by E. faecalis at a high concentration (10 8 CFU mL -1 , culture changed everyday) for 11 days in LB media. As shown by Fig. 5 , the orders of the fim+ E. coli 83972 biofilm coverage on the mannoside surfaces after being challenged by E. faecalis for 5 and 11 days were the same, which were similar to the order of their initial adherence and biofilm coverage. These orders were also the same for the performance of these biofilms on the bacterial interference against the colonization by E. faecalis after 11 days as shown by Fig. 4e .
Conclusions
In summary, we have demonstrated that the initial adherence of fim+ E. coli 83972 to the mannoside-modified surfaces qualitatively correlated to the coverage, stability and bacterial interference of the biofilms subsequently formed thereon. Overall, this work has shown the importance of specific mannoside-FimH interaction on enhancing the coverage and stability of the benign biofilms leading to excellent prolonged bacterial interference against the aggressive biofilm-forming pathogen E. faecalis in LB media. For potential applications in a clinical setting, further extensive research will be necessary to assess the safety of the bacterial strain and its biofilms on the silicone catheters for long-term use.
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